The aim of the paper is to present flood risk analysis procedures and specially developed techniques for the assembly of flood hazard, danger and flood risk maps. Methods related to flood risk management plans are briefly mentioned as well. The following particular problems are discussed in more detail: an application and extension of the "danger matrix" approach, the definition of residual danger, the formulation of efficiency criteria and preliminary multi-criteria flood risk assessment. These issues were tested in practical applications at pilot locations in the Czech Republic. Present experience provides evidence that the flood risk analysis methods used in the Czech Republic are in harmony with the requirements of the Flood Risk Directive. The proposed and applied methods are based primarily on existing available data such as flood extent maps, cadastral maps, the Register of Census Districts and Structures and others.
Introduction
Experience from extreme flood events in the Czech Republic during recent years has shown the necessity for a systematic approach to flood protection. Procedures based on the Correspondence to: A. Dráb (drab.a@fce.vutbr.cz) theory of risk management appear to be very effective for this purpose. The technical issues related to flood risk analysis have been studied by numerous authors (Klijn et al., 2008; Schanze et al., 2008; Hutter, 2007; Alphen and Passchier, 2007; Samuels et al., 2006) .
Above all, these methods enable the identification of endangered areas and the consecutive, effective design of flood protection measures (FPMs) . FPM conception should be based on effectiveness and efficiency assessment (Schanze et al., 2008) . For integrated flood risk assessment the multicriteria approach can be applied (Meyer et al., 2007 ; Kubal et al., 2009) .
The Flood Risk Directive (ES, 2007) is calling for the development of effective tools for appointing priorities in the taking of technical, financial and political decisions in flood risk management. The Flood Risk Directive requires three stages of flood risk management (see details in Sect. 2):
1. Preliminary flood risk assessment.
2. Creation of flood hazard and risk maps for various scenarios.
3. Development of flood risk management plans.
The Flood Risk Directive only defines general requirements for these three stages. Member states themselves decide on the appropriate methods needed for its implementation as geographical, hydrological and social differences demand specific approaches. Therefore, the working group on floods (WGF) was established in 2007 primarily to support the implementation of the Flood Risk Directive. The WGF provides a platform for the exchange of information through a series of thematic workshops addressing particular issues on the Flood Risk Directive to help member states with the implementation process (WGF, 2007) . The terminology of flood risk analysis is still not uniform worldwide and also not within Europe. In this paper, terminology according to Gouldby and Samuels (2005) and ES (2007) has been used. The authors of this text follow the concepts of hazard, exposure and vulnerability as components of flood risk. However, a few additional terms have been introduced and defined, namely in the context of the matrix for the "danger" classification (Zimmerman et al., 2005; FOWM, 1997 ) (see Sect. 2.2) . In this context, danger is understood as a convolution of hazard and exposure and is expressed by means of danger maps.
In our study, we focus on the process of implementing the Flood Risk Directive in the Czech Republic. Particular methods corresponding to the three above-mentioned stages of flood risk management are described in the text together with a discussion of particular issues which were faced during the implementation process. It is essential that the flood risk assessment methods in the Czech Republic are founded on existing and well-established data and procedures. This prerequisite principle has resulted in the necessity of modifying and adapting existing techniques, e.g. the "danger matrix" approach, to define residual danger and to formulate efficiency criteria.
The objectives of the paper are to introduce the philosophy of Flood Risk Directive implementation in the Czech Republic and to present the way in which the general requirements have been met. More information is given about the preliminary flood risk assessment method, flood hazard and risk map compilation for the given set of flood return periods, and also about the development of flood risk management plans using economic efficiency criteria and multi-criteria assessment techniques. The procedures are demonstrated in a case study within the municipal area of the city of Brno. The paper is structured as follows: after introducing its aims in Sect. 1, the three stages of Flood Risk Directive implementation are presented in Sect. 2, which is the most comprehensive part of the text. Section 3 is concerned with the case study. The conclusions and specifications for further research are in Sect. 4.
Implementation of Flood Risk Directive 2007/60/ES in the CR
During the implementation of the Flood Risk Directive (ES, 2007) , currently used flood risk assessment methods will be employed. At present it is planned that a detailed description of these methods will be part of the Guidelines (MA CR, 2009) which have recently been elaborated (see the following sections).
Preliminary flood risk assessment
The aim of preliminary flood risk assessment is the definition of areas where more detailed risk-based methods should be applied. The Flood Risk Directive requires an assessment of the unfavourable consequences of significant floods which have occurred in the past, and of potential future floods. It was proposed by authors of this text, in accordance with this requirement, that the initial basis for preliminary flood risk assessment would be existing documentation. The basis for the floodplain protection issues in the Czech Republic are what are known as flood extent maps developed and maintained according to legislative instructions (MV CR, 2002 , 2001 ). In the CR, floodplains are defined as administratively determined areas which can be inundated during a flood event. Floodplain boundaries are demarcated for maximum water levels on the basis of hydraulic calculations, documentation from extreme past flood events or alluvial soil areas. The necessary data were taken from the Register of Census Districts and Structures (CSO, 2009) and ZABAGED (COSMC, 2009) . By combining the aforementioned aspects using GIS techniques it was possible to preliminarily estimate the endangered property and the number of affected inhabitants in existing areas with the potential for flooding (Drbal andŠtěpánková, 2008) . Based on the preliminary assessment, a list of the most endangered areas where more detailed risk analysis is needed has been created. The procedure resulted in the identification of 2494 km of watercourses in the CR which have high flood risk potential and for which more detailed evaluation is proposed (see Fig. 1 ). Fig. 1 . Selected watercourses in the CR which have high flood risk (FR) potential and for which more detailed evaluation is proposed (Drbal andŠtěpánková, 2008) . A. Dráb and J.Říha: The implementation of Flood Risk Directive in the CR
Flood hazard maps and flood risk maps
The second stage in the Flood Risk Directive implementation is the creation of flood hazard and risk maps for various flood scenarios corresponding to low, medium and high probability. For the construction of the danger and risk maps a semi-quantitative method has been proposed based on a matrix for the determination of the danger level (Zimmerman et al., 2005) which serves the purpose for the spatial evaluation of corresponding quantities. The procedure originates from the Swiss method (FOWM, 1997), adapted and tested for the conditions in the Czech Republic. In the context of the matrix approach the concept "flood danger" -exposure to hazard -is introduced in the following text. The authors applied the following steps (see Fig. 2 ):
1. the quantification of flood hazard via hydraulic calculations and the evaluation of flood intensity IP (FOWM, 1997),
2. determination of exposure to flood hazard using the "danger matrix" (Zimmerman et al., 2005; de Moel et al., 2009), 3 . the construction of flood risk maps by combining flood danger with the vulnerability of the area.
In the first step, the flood hazard is expressed in terms of what is known as flood intensity IP. This is understood to be a measure of the destructive ability of a flood and is defined as a function of water depth h and velocity v. Using previously carried out experiments and expert assessment (FOWM, 1997) the flood intensity is expressed as follows:
The flood hazard maps (maps of water depth and velocity) have to be primarily developed using existing flood extent maps based on previously performed hydraulic calculations (see Sect. 2.1). The majority of older studies used a onedimensional hydraulic model; only a few were performed with the use of two-dimensional steady-state models. The crucial problems with the use of existing flood extent maps are as follows:
-existing flood extent maps have usually been prepared for flood scenarios corresponding with return periods of 5, 20 and 100 years (Q 5 , Q 20 , Q 100 ) as required by current Czech legislation (MV CR, 2002) . Therefore, the flood extent maps do not include the scenario defined by the Flood Risk Directive (ES, 2007) "for floods with a low probability or extreme event scenarios". In the CR this scenario is defined as the Q 500 discharge, for which further hydraulic calculations are required, -flood extent maps do not generally contain information on water depth, which has to be subsequently evaluated using GIS tools. Usually, the information about flow velocity is not adequate or is completely missing.
Solving the above-mentioned problems is easier in cases where an updated hydrodynamic model is available. This allows the additional calculation of the Q 500 scenario, and also the completion of missing data on water depths and velocities. For more significant watercourses in the CR, hydrodynamic models maintained by river authorities are available. Based on the calculated flood intensity IP from Eq. (1), the flood danger is evaluated using the so-called "danger matrix" (see Fig. 2 ). Appropriate recommendations according to Table 1 are taken into account during the determination of such derived hazard values. In the Czech Republic the method described is applied to the relevant flood scenarios: Q 5 , Q 20 , Q 100 , Q 500 . The resulting danger level is assumed to be the maximum danger level obtained in individual flood scenarios according to Eq. (5).
The procedure using the "danger matrix" (right side in Fig. 2 ) represents a conceptual approach to the problem and can be used in the case of manual interpretation of the method. Today, the procedure is algorithmized using GIS tools, thus, enabling the processing of digital maps and the final numerical evaluation of flood intensity and danger. For this reason, the flood danger R is defined as a product of the exposure represented by the exceedance probability p of a flood scenario and the hazard represented by flood intensity IP (see Eq. 2) (Beffa, 2000) . The corresponding maps developed according to Fig. 2 then express the flood danger across the whole floodplain regardless of the land use.
The flood danger R i for a given flood scenario i with the exceedance probability p i and a return period of N i years is obtained by recalculating the boundaries of danger zones in the "danger matrix" (Fig. 2, Table 1 ). The following formula holds (Beffa, 2000) :
where the exceedance probability p of flood scenario i can be expressed as follows:
For N i ≥ 5 the relation (3) can be approximated by:
The resulting local danger R is expressed as the maximum value of the individual dangers R i corresponding to flood scenarios represented by the return period N i :
where n denotes the number of assessed flood scenarios. The obtained flood danger values R are classified according to Table 1 . The specific problem was the definition and delimitation of sub-regions with so-called "residual danger". The extent of real past extreme floods with high return periods (e.g. N > 300) was the basis for the estimation of the residual danger area (note: in the context of ES, 2007 these scenarios are defined as "floods with low exceedance probability, or extreme event scenarios"). Furthermore, the alluvial floodplain morphology and the extent of alluvial loams in the area were taken into account. In the case of dams located upstream of the area of interest, the surface inundated by a potential dam break flood was also taken into account. The outer envelope of the flood extents mentioned above has been defined as the "residual danger" zone in danger maps. The proposed residual danger areas have to be verified by site investigations and comparison with a digital terrain model. Research has proven that there is conformity between the mentioned approaches for most of the areas studied.
The results of the described analysis in the area of interest are maps of flood danger maps (see examples in Sect. 3). The maps of flood danger, which are not strictly recommended by (ES, 2007) but are a necessary intermediate step at the procedure, express levels of flood danger and endangered areas using a colour spectrum supplemented by explanations according to Table 1 . To categorize the danger enables the assessment of the suitability of existing or planned land use and the recommendation of restrictions on activities or on the development of corresponding areas with higher danger rates. From this point of view, the danger maps completed with regard to recommendations according to Table 1 can be assumed to be maps of acceptable risk. The method described can be used in the process of urban planning, during the preliminary proposals for flood protection measures, etc. Risk maps combine data about danger and vulnerability in the exposed area. The vulnerability data can be derived from urban plans and maps, and should be verified by site investigation. Based on the available urban plans, it is possible to define classes of land use (Table 2 -column "Land use"). Uniform classification is a completely new approach in the CR and it required great effort to find a compromise and negotiate towards it with urban planners.
A value of maximum acceptable risk is assigned to each class according to Table 2 -column "Acceptable risk". The maps of the areas, therefore, classified according to land use (vulnerability maps) are "overlaid" by danger maps and are processed by GIS analytical tools into risk maps in which existing or anticipated areas with exceeded acceptable risk are highlighted using a spectrum corresponding to Table 1. The following logical step is a more detailed analysis of "risky areas" from the point of view of risk management and risk attenuation to an acceptable level.
The described method using tailor-made software tools for GIS applications has been elaborated, tested and applied in the CR since the year 2001 at about 25 municipalities which contain more than 400 km of watercourses.
Flood risk management plans
The Flood Risk Directive requires that Member States establish flood risk management plans on the basis of hazard and risk maps. Flood risk management plans are primarily focused on prevention, protection and preparedness.
During the development of flood risk management plans, existing hydraulic and feasibility studies are used as basic documents. Hydraulic studies provide more detailed data in comparison with floodplain documentation. Their aim is the comprehensive assessment of flood protection in a given area and the indication of the course design floods could take. Hydraulic studies usually contain recommendations regarding variants of appropriate structural flood protection measures (FPMs) and assessments of their efficiency. On a more detailed level are feasibility studies which, in comparison with hydraulic studies, focus on more detailed technical solutions and on cost estimates for FPMs. Feasibility studies are often used as part of applications for financial allocations and are based on the elaboration of more detailed designs. FPMs are involved to the same extent in general water management audits and plans for urban areas. To date, the following risk-based methods have been implemented in the CR in the studies mentioned: -the matrix for danger level determination (Zimmerman et al., 2005; FOWM, 1997) is being used for the assessment of floodplains from the viewpoint of flood hazard, vulnerability and risk (see Sect. 2.2). The method enables the general identification of areas and structures where the acceptable risk has been exceeded and following on from this, the design of flood protection measures,
-the method based on flood loss estimates described below serves for an assessment of the economic efficiency of structural FPMs. For the estimation of flood losses the available geographical data (COSMC, 2009 ) and data from the Census District and Building Register (CSO, 2009) are employed.
In accordance with the requirements of the Flood Risk Directive, the processing of flood risk management plans stems from the results of spatial analysis using the matrix method (Sect. 2.2) in which recommendations for further analysis and flood protection in areas with exceeded acceptable risk are introduced. For the complex assessment of FPM variants according to (ES, 2007) , economic, environmental and social viewpoints are taken into account. For this purpose, multi-criteria analysis (MCA) is frequently used. At present, the evaluation of the economic effectiveness of FPMs is elaborated in detail while the risk-based analysis relating to other loss categories is still subject to research activities. Therefore, in the following text the category of economic losses is discussed in more details, while MCA, including other categories, is mentioned briefly at the end of this chapter.
In the case of the evaluation of the economic effectiveness of FPMs, the following steps are followed:
1. estimation of the extent of endangered and protected property in the floodplain, 2. estimation of flood losses, 3. quantification of flood risk using potential losses, 4. determination of quantitative economic criteria using cost benefit analysis.
The endangered property in the floodplain is estimated for the existing state and for the state after the implementation of flood protection measures. Firstly, the processing of flood hazards is carried out for flood scenarios corresponding with at least the Q 5 , Q 20 and Q 100 discharges. The estimation of flood damage to property in the floodplain is performed using so-called damage functions which express the relation between water depth and the percentage of damage. The damage functions were developed and tested for the floods in the years 1997, 1998 and 2002 within the framework of prior research (Drbal et al., 2006) and were published as part of MA CR (2009) for the following elements of risk: residential buildings, service buildings, industrial buildings, roads, railways, bridges, paved areas, infrastructure, sport and recreation areas, farmland, forest land. For each element of risk the economic value of assets is estimated based on official statistical data (CSO, 2009). Material flood losses in monetary units are obtained by multiplying the economic value of assets and the corresponding percentage of damage (see Fig. 4 ). The total potential economic flood loss D for a given flood scenario with exceedance probability p is calculated by summarizing the losses across all elements in the analysed flooded area. Based on the potential flood losses D the economic flood risk is expressed as follows (Říha et al., 2005) :
where RI is the economic flood risk in monetary units (CZK, EUR, .../yr.), p is the exceedance probability of the corresponding N-year peak flood discharge determined by Eqs. (3) or (4), D(p) represents the functional dependence of potential losses (CZK, EUR, etc.) on flood exceedance probability p and p H is the exceedance probability of harmless flood discharge which depends on the flood protection level in the area. The dependence (6) is derived from the potential losses estimated for individual flood scenarios. A geometrical interpretation of the integral (6) is shown in Fig. 3 . A practical procedure for the calculation of average annual economic risk has been proposed as follows (see Fig. 4 ):
-the exceedance probability for individual flood scenarios represented by selected N-year flood discharges is estimated using Eqs. (3) or (4),
-the hydraulic characteristics of the flood, namely water depth, are determined by hydraulic modelling of the flow in related watercourses, including the floodplain,
-the direct economic losses in the area of interest are derived using the damage curves (MA CR, 2009) from the hydraulic characteristics for selected flood scenarios. A graphical interpretation of the obtained function D(p) can be seen in Fig. 3, -the numerical integration of Eq. (6) gives an estimate of the annual average risk.
The method described was implemented into GIS using a tailor-made application eliminating the routine manual rerunning of individual procedures. A flow chart of the procedure related to a given flood scenario is shown in Fig. 4 . The final value of RI serves for the evaluation of the economic efficiency of proposed variants of structural flood protection measures. The following indicators (RE -relative efficiency, AE -absolute efficiency, RP -repayment period) were proposed for the cost-benefit analysis (Říha et al., 2005; MA CR, 2006) :
where RI ORIG and RI NEW are average annual economic risks before and after the application of flood protection measures, I is the investment cost and DR is the discount rate. The flood protection arrangements are profitable if RE > 1; the economic efficiency increases with increasing AE and with decreasing RP.
The method described has been widely applied in the assessment of hundreds of anticipated flood protection measures financed from the funds of the European Investment Bank within the framework of the project (MA CR, 2006) . During this assessment the economic risk was the only criterion.
According to ES (2007) , the flood protection measures and their sub-sections related to individual areas should be prioritized using multi-criteria analysis during which other important partial risks are taken into account. For the flood risk management plans in the Czech Republic the partial risks RI i Quantification of partial risk RI i can be performed using the modified Eq. (6):
where RI i is the risk for loss category i and D i (p) represents the functional dependence of corresponding potential loss on flood exceedance probability p. For the MCA several techniques can be applied. For the MCA in the Czech Republic procedures based on the PROMETHEE II method (Brans and Mareschal, 2005) are currently being tested. A more detailed description of the theoretical aspects of particular MCA methods including PROMETHEE II is outside the scope of this paper; we refer the reader to available sources such as Brans and Mareschal (2005) , Meyer et al. (2007) .
Case study
The procedures mentioned above were applied in a flood risk management study which was part of the General Water Management Plan of the city of Brno (BCM, 2008) . The study comprises of an assessment of 13 watercourses with a total length of about 87 km within the area of the city (Fig. 5) , which has a population of over 400 000 inhabitants. Part of the General Water Management Plan was the proposal of structural flood protection measures in the city of Brno based on hazard, danger and risk maps (Figs. 6 and 7) .
The conceptual proposal for structural FPMs was implemented for the areas with exceeded levels of acceptable risk (see Sect. 2.2). For preliminary prioritisation purposes the system of FPMs in the urban area of Brno was divided into 28 sub-sections. The sub-sections were demarcated regarding their hydraulic independence and their relation to the flood protection measures in the sewer network.
To establish priorities for the progressive realization of FPM sub-sections the efficiency indicators defined by Eqs. (7) and (8) were calculated for each sub-section. At this point, the aim was to assess partial risks in the sub-sections in terms of potential material losses. For the preliminary assessment the relative efficiency (RE) indicator was used, when FPMs at sub-sections for which RE < 1 were rejected as uneconomical. For those sub-sections with RE ≥ 1 a descending sequence of FPMs ranked according to the value of RE figured out using Eq. (7) was elaborated. In cases when the RE ratings at consecutive sub-sections were approximately the same, the absolute efficiency AE was used as the second indicator. The resulting graphical interpretation is shown in Fig. 8 .
Elaboration of detailed MCA study including sensitivity analysis is being anticipated in connection with the final decision regarding the priorities for flood protection measures in Brno.
Conclusions and discussion
In the paper the flood risk techniques corresponding to Flood Risk Directive 2007/60/EC of the European Parliament and of the Council on the assessment and management of flood risks are discussed in the context of implementing the Flood Risk Directive within the context of the conditions present in the Czech Republic. The procedures used for the development of flood hazard and flood risk maps are described together with the solution of particular problems such as the development of danger and vulnerability maps or residual risk assessment. It was proposed that the assessment of economic efficiency, the application of which was demonstrated here in brief, should be a part of flood risk management plans.
The research shows that the present methods of flood risk analysis in the CR are generally in accordance with the Flood Risk Directive (ES, 2007) . From this viewpoint, the Czech Republic is well-prepared for the implementation of the Flood Risk Directive, and long-term experience from research and numerous practical applications has recently been integrated into the Guidelines (MA CR, 2009) to the Flood Risk Directive (ES, 2007) .
However, it must be stated that further research into flood risk analysis needs to be carried out to improve and refine individual techniques and outputs. It should be focused on the following topics related to the implementation of the Flood Risk Directive: -more detailed multi-criteria flood risk assessment, -non-structural flood protection measures and the evaluation of their effectiveness and efficiency, -inclusion of risks from the exposure of inhabitants to flood hazards; the assessment of individual and societal risk,
-assessment of environmental risks, e.g. extensive water contamination due to the flooding of pollution sources,
-assessment of risks due to the flooding of sensitive facilities (social care institutions, hospitals, rescue services, police, etc.) and historical monuments,
-estimation of indirect losses,
-more comprehensive uncertainty analysis in risk management, including the effect of the influence of global changes on hydrological parameters.
From the point of view of technical structural arrangements the process culminates in the design and construction of risk attenuation measures, or alternatively measures for the maintenance of risk at an acceptable level. The proposals are assessed based on the comparison of the present risk level with the acceptable level. At present, quantitative risk analysis methods are dominantly based on the assessment of direct economic losses; the other aspects, such as human, social and environmental losses, are not taken into account in the Czech Republic. Therefore, the future endeavour will involve testing methods of multi-criteria flood risk assessment and their practical application.
